The hydBGDA genes, which encode the four subunits /?, y, S and a of the [Ni-Fe] hydrogenase from the archaeon Pymcoccus furiosus, have been isolated and sequenced using a PCWIPCR-based strategy. From the sequence analysis it appears that the four structural genes are tightly linked and organized in a single transcription unit. The hydD and hydA gene products are related to the small and the large subunits of several archaeal and eubacterial [Ni-Fe] hydrogenases with an overall degree of sequence relatedness ranging from 35 YO to 50% (identity +similarity). In particular, the amino acid sequence motifs involved in the accommodation of nickel and iron-sulfur clusters are conserved. In addition, the database search revealed that the hydB and hydG gene products are homologous to the asrA-and asrB-encoded subunits of the sulf ite reductase enzyme from Salmonella typhimurium . This is particularly interesting in view of the recent finding that the P. furiosus hydrogenase appears t o be a bifunctional enzyme endowed with both proton-and sulfurreducing activities.
INTRODUCTION
Recently, largely through the efforts of Stetter and coworkers, a number of bacterial species able to grow well above 80 "C and belonging to the archaea have been isolated from several geothermic terrestrial and marine environments (Stetter, 1986) .
Among these species the ' hyperthermophiles ' grow optimally around 100 "C, are strict anaerobes, and most of them depend on the reduction of elemental sulfur (So) for growth. Pyrodictizlm brockii (Stetter e t al., 1983:) and Pyrobaczllzlm islandiczlm (Huber et a/., 1987) obtain energy for growth by So respiration, the former being an obligate autotroph which reduces So to H,S with H, whereas the latter, a facultative heterotroph, reduces So with either H, or organic substrates. On the other hand, Pyrococctls ftlri0szl.r (Fiala & Stetter, 1986) The GenBanWEMBUDDBJ accession number for the nucleotide sequence data reported in this paper is X75255.
So, fermenting simple and complex carbohydrates and producing H, and CO, as detectable products. In the presence of So, H,S is produced and the biomass yield is increased. The reduction of So was postulated to take place to prevent the growth inhibitory effect of the H, produced during fermentation (Bryant & Adams, 1989) . However, a recent study performed with an energylimited continuous culture system has shown that in P. fzlri0szl .r the reduction of So is an energy-conserving reaction which directly or indirectly participates in the energy balance by an unknown mechanism (Schicho etal., 1993) .
In studying the sulfur metabolism of P.fzlrioszl.r, Ma and coworkers found that elemental sulfur reduction is carried out by a sulfur reductase present in the cytoplasm (Ma e t al., 1993) . Interestingly, the same authors showed that the sulfur reductase activity is associated with the previously characterized soluble hydrogenase, suggesting that the cytoplasmic production of S2-might be coupled to the H+ reduction by a bifunctional enzyme, a sulfhydrogenase.
To understand better the structural characteristics of the P. f h -i o s z~~ hydrogenase and its bifunctional properties associated with proton and sulfur reduction, we have isolated and characterized the DNA encoding this enzyme. In this communication we give the complete nucleotide sequence of the hydrogenase gene cluster. We have found that while two of the four subunits (a and S) are homologous to the large and the small subunits of dimeric and multimeric [Ni-Fe] hydrogenases, the p and y subunits share extensive homologies with the products of the sulfite reductase genes (asrA and asrB) from Salmonella tJphimt/ritrm (Huang & Barrett, 1991) . These findings and the genetic relationship of the P. ftrrioszis byd genes to the other [Ni-Fe] hydrogenases are discussed in light of the biochemical properties of the P. ftlriosus enzyme.
METHODS
Chemicals. Restriction and modification enzymes, purchased from Boehringer Mannheim or Promega, were used as recommended by the manufacturers. Reagents for DNA sequencing were supplied by US Biochemical and New England Biolabs. For the PCR and IPCR amplifications both Tag DNA polymerase (Boehringer Mannheim) and cloned P. furiosus DNA polymerase (Stratagene) were used.
Bacterial strains and growth conditions. P. furiosus (DSM 3638) was grown at 85 "C in closed static cultures using a synthetic seawater-based medium (SME) (Stetter e t al., 1983) supplemented with tryptone (5 g 1-'), yeast extract (1 g l-'), Lcysteine (0.5 g 1-' ) and 1 ml 0.2% resazurin solution as redox indicator. The pH was adjusted to 6.2 with HC1 and anaerobic conditions were obtained by flushing the medium with argon for 30 min.
For large-scale growth, 15 1 fermenters (Setric GI) were inoculated with 500 ml cultures grown in sealed bottles for 24 h. Fermentations were carried out at 95 O C with agitation (300 r.p.m.) in an argon atmosphere (300 ml min-'). Growth was monitored by following the increase in turbidity at 660 nm and H, production was analysed using a Varian 3400 gas chromatograph. Cells were harvested after 24 h (final OD660 = 0.25), washed in 50 mM Tris/HCl (pH 8) and stored at -80 "C. The biomass yield (dry weight) was 270 mg 1-' .
Escbericbia coli strain TG1 [supE bsdA5 tbi A(lac-proAB) F'(traD36 proAB+ lac19 lacZAM15)I was grown aerobically at 37 O C in Luria-Bertani (LB) medium. Competent E. coli TG1 cells were prepared and electroporated following the method previously described (Dower et al., 1988) . Recombinants were screened on LB agar plates containing ampicillin (100 pg ml-'), 5-brorno-4-chloro-3-indolyl-/l-~-galactopyranos~de (X-Gal) (40 pg ml-l) and isopropyl /l-D-thiogalactopyranoside (IPTG) (125 pg ml-').
Purification of P. furiosus hydrogenase. P. furiosus hydrogenase was partially purified as described by Bryant & Adams (1 989). Sequencing grade enzyme preparations were obtained by gel elution. In particular, the partially purified enzyme was run on a 10% (w/v) SDS-polyacrylamide gel and stained to visualize the hydrogenase activity (see below). The activity band was excised from the gel and electroeluted with a 422 Electroeluter (Bio-Rad) in Tris/glycine/O.l?'~ SDS buffer (LeGendre & Matsudaira, 1989) . The individual subunits of P. furiosus hydrogenase were completely dissociated by boiling the electroeluted enzyme (10 min at 100 "C) and by running it on a 10 YO SDS-polyacrylamide gel. Following the electrophoretic separation, the protein was transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore) as described elsewhere (Matsudaira, 1987) . The N-terminal sequence of each subunit was determined by Edman degradation using a Beckman sequenator.
Proteins were determined spectrophotometrically with the BioRad micromethod based on the Bradford assay (Bradford, 1976) using bovine serum albumin as the standard. SDS-PAGE was performed according to Laemmli (1 970) .
Hydrogenase activity. Hydrogenase activity was routinely determined by following H, evolution at 80 OC as described previously (Adams & Mortenson, 1984 ) usjng a Varian 3400 Gas Chromatograph equipped with a 5 A molecular sieve column (1 m, 2/8 inch). One unit of hydrogenase activity is defined as the amount of enzyme which catalyses the production of 1 pmol H, min-l. polymerase. The amplification reactions were carried out using a Perkin Elmer Cetus thermal cycler.
Nucleotide sequencing and analysis. DNA sequencing was performed on both strands by the dideoxy chain-termination method (Sanger etal., 1977) using the Sequenase version 2.0 (US Biochemical) and the Circumvent (New England Biolabs) sequencing kits. Routinely, different plasmids carrying the same IPCR fragment and different IPCR fragments covering the same DNA region were sequenced to avoid sequencing errors due to the non-perfect fidelity of polymerases.
The strategy used for the isolation and sequencing of the hydrogenase cluster is given in Fig. 1 . Initially, using the 61 deg/a2deg primer combination a fragment of about 700 bp was obtained. This suggested that the a subunit is linked to and preceded by the 6 subunit coding sequence in the hydrogenase cluster. The 700 bp fragment containing the 6 subunit gene and the 5' region of the a subunit was sequenced. Subsequently, the genomic DNA was digested with different restriction enzymes, self-ligated and amplified with two divergently oriented oligonucleotides (pl/p2) annealing to the 5' ends of the 6 subunit gene and the a subunit gene, respectively. The analysis of these IPCR products allowed us to complete most of the sequence of the y subunit and to extend further the sequence of the a subunit.
The remaining part of the y subunit and most of the /? subunit were isolated by PCR performed with the convergently oriented primers p3 and p4 corresponding to the 5' ends of the /? and subunits, respectively. The entire / 3 subunit and the putative promoter region were obtained by amplifying the BamHI-cut, self-ligated chromosomal DNA with two divergently oriented primers (p6/p7) annealing to the internal part of the /? subunit.
Finally, the entire a subunit was amplified from the EcoRI-cut, self-ligated genomic DNA using a combination of primers (p5/p2) corresponding to the 5' ends of the a and y subunit genes, respectively.
The sequence was compiled and analysed by using the PC/GENE software package (IntelliGenetics). Multiple amino acid sequence alignments were performed using the MACAW program (Schuler et al., 1991) .
RESULTS AND DISCUSSION
Isolation and sequencing of the P. furiosus hydrogenase (hyd) genes
The four hydrogenase subunits having molecular masses of 50000,43000,33000 and 31 000 Da were purified from a SDS-polyacrylamide gel as described in Methods and Nterminal sequenced. Degenerate forward and reverse primers were designed on the basis of the N-terminal sequences of the a, p and 6 subunits and were used in initial PCR amplifications of the P. fHrioszcs genomic DNA. The degeneracy of the oligonucleotides was lowered by taking into account the codon usage in the glyceraldehyde-3-phosphate dehydrogenase gene of the phylogenetically related organism P~rococctls wosei (Zwickl e t al., 1990) . The amplification of the 5' end of the y subunit DNA was not attempted because of the limited length of the amino acid sequence available. The DNA sequences of the a, p and 6 PCR products were in perfect agreement with the N-terminal sequences of the three subunits .
The knowledge of the sequences of the 5' ends of the bydA, bydB and bydD genes allowed us to determine the nucleotide sequence of the entire region containing the four genes using a strategy, described in Methods, based on the analysis of different PCR and IPCR products. The restriction map and the physical organization of the 4180 bp fragment carrying the P. ftlriostls byd genes is shown in Fig. 1 .
Sequence analysis
The nucleotide sequence and the derived amino acid sequences of the DNA region comprising the P. ftrriostls byd genes are shown in Fig. 2 .
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The most striking observation emerging from the analysis of the codon usage is the marked preference for AGG and AGA among the arginine codons. This is a feature in common with many other archaeal genes Tiboni et al., 1993; Uemori e t al., 1993; Zwickl e t al., 1990) .
Experimental data indicate that the structural elements of the constitutive archaeal promoters can be recognized in the T/CTTAT/AA (' box A ') and in the ATGC (' box B ') sequences. Box B, located 29-24 nucleotides downstream from box A, generally represents the site where transcription initiation takes place, GTP being the preferred initiator nucleotide. Box A appears to play the most important role in promoter recognition and transcription initiation, as shown by the sequence analysis of the archaeal promoters so far characterized (Hain e t al., 1992) and by in vitro studies carried out with both total protein extracts and partially purified RNA polymerases (Hain et al., 1992; Hausner et al., 1991) .
When the byd operon was scanned for promoter sequences, a box B motif was localized just upstream from bydB (underlined in Fig. 2 ). However, in the same region, the box A motif is absent if the AAATTT sequence (centred 25 bases upstream from box B) and the TAA sequence (centred 32 bases upstream from box B) are not considered significant.
Comparison of hydBGDA gene products 1. hydD and hydA genes. The [Ni-Fe] hydrogenases have been classified on the basis of the number of subunits they are composed of. Although the presence of the gene for the large subunit is the sole feature common to all known nickel-containing enzymes, all the heterodimeric (two subunits) and many multimeric hydrogenases contain small subunits sharing a variable number of conserved cysteines, the function of which is to bind iron-sulfur clusters (for reviews see Przybyla et al., 1992; Reeve & Beckler, 1990 ; Wu & Mandrand, 1993) . -Fe] hydrogenases from different bacteria shows that the bydD and bydA products are clearly related to the small and large hydrogenase subunits, respectively (Figs 3 and 4).
Comparison of the b y d B G D A gene products with the [Ni
The P. fzlrioszls small subunit shows the highest degree of sequence identity with the Methanococczls voltae small subunits (27.6-36-4 YO) (Halboth & Klein, 1992) , the Methano bacterizlm thermoazltotrophiczlm Mv hG protein (31.8%) (Reeve e t al., 1989) and with two eubacterial sequences, the Acetomicrobizlm flavidzlm HydB (35.4 %) (G. M. Mura and others, unpublished) and Alcaligenes eiltrophzls HoxY proteins (29-5 YO) (Tran-Betcke e t al., 1990) . Interestingly, the homology with the last two subunits is relatively high although the C-termini of both HoxY and A . flavidzlm HydB appear to be truncated by approximately 50 amino acids. The homology with other small subunits from eubacterial origin is slightly less pronounced (22.2-27.2 YO identity).
The small subunit of the P. fzlrioszls hydrogenase contains 13 cysteines out of a total of 261 amino acids (4-9 %) : nine of them are located at conserved positions when compared to other hydrogenase small subunits and of these, four are arranged in the C-X-X-C pattern at the N-and C-termini (Fig. 3a) .
The large subunits of both archaeal and eubacterial [Ni-Fe] hydrogenases share several regions of wellconserved amino acid sequence with the P. filrioszls a polypeptide (HydA). In fact the overall sequence identity between HydA and the corresponding archaeal sequences ranges from 29-2 YO to 34 % whereas the identity with the eubacterial sequences goes from 2743 YO to 32 YO. Within two of the most highly conserved regions, four cysteinyl residues participate in the R-X-C-X-X-C-X-X-X-H motif at the N-terminus and in the D-P-C-X-X-C-X-X-H motif at the C-terminus (Fig. 3b) . This pattern, present in all the nickel-containing hydrogenases sequenced so far, was proposed to represent the nickel hexacoordination site of the enzyme. Indeed, Przybyla and coworkers have recently shown by site-directed mutagenesis that the arginine and the cysteine of the N-terminal box and the aspartic acid, the proline and the cysteine of the Cterminal box are required for the activity of the [Ni-Fe] hydrogenase-1 in E. coli (Przybyla e t al., 1992) .
As far as the relative position of the b y d A and bydD genes within the gene cluster is concerned, the gene encoding the hydrogenase small subunit (bydD) precedes the largesubunit-coding sequence (hJvdA). This organization is typical for all the [Ni-Fe] deazaflavine reducing hydrogenases sequenced so far and is conserved even in those cases where, in addition to the small and large subunits, other genes are found in the hydrogenase cluster (Fig. 4 ).
In conclusion, the a and 6 subunits of the P. fzlrioszls hydrogenase show the highest degree of homology with the large and the small subunits of hydrogenases from other archaea. Therefore the enzyme can be grouped with the class IV hydrogenases according to the recent classification by Wu & Mandrand (1993) . The similarity with the enzymes of class 11, which includes the hydrogenases from Deszllfovibrio species, is less pronounced, although the relative positions of the cysteine residues of the P. fzlri0sil.r small subunit and the class I1 subunits appear to be generally conserved. Since it has recently been shown by crystallographic analysis that 10 of the cysteine residues of the Desglfovibrio gigas small subunit provide the coordination sites for one [3Fe-4S] cluster and two [4Fe-4S] clusters (one [4Fe-4S] cluster in the Nterminal domain and the remaining clusters in the Cterminal domain) (Volbeda e t al., 1994), in the P. fnrioszls hydrogenase the mechanism of electron transfer for H, production might be similar to that of the D. gigas enzyme.
On the other hand, the homology between HydD and HoxY of A . ezltrophzls appears to be relatively high (the A . ezltrophzls hydrogenase has also been included in class IV The second sulfite reductase system confers on Salmonella the unique ability to produce significant quantities of H2S from sulfite under anaerobic conditions. From the recent work of Huang & Barrett (1771) it has been shown that this sulfite reduction system can be ascribed to a metabolic pathway which is (i) independent from the cysteine biosynthetic pathway, (ii) activated under strict anaerobic conditions, (iii) linked to NADH rather than NADPH oxidation and (iv) regulated by available electron acceptors rather than by cysteine.
Three proteins are required for anaerobic H2S evolution, the products of the genes asrA, B and C. These proteins contain the structural elements which are necessary for sulfite reduction and are conserved in the sulfite reductase enzyme of the cysteine biosynthetic pathway. In particular, AsrA and AsrC harbour typical ferredoxin-like
carries the sirohaem-binding sequences and AsrB contains two types of sequences that resemble the flavin-binding domains of a number of reductases (Huang & Barrett, 1771) and regions found in many nucleotide-binding enzymes, respectively.
The similarities between AsrA and HydB and AsrB and HydG appear to be evenly distributed along the sequences apart from a relatively poor sequence homology between the N-terminal regions of AsrB and HydG. HydB appears to contain the ferredoxin-like cluster and HydG the nucleotide and the FAD-binding domains. This latter observation is particularly interesting in the light of very recent work (Smith et al., 1774) which demonstrates that NADPH rather than ferredoxin is the physiological electron carrier of the P. ftrriostls hydrogenase.
The similarities between HydB and AsrA and between HydG and AsrB are also particularly interesting considering that Ma e t al. (1973) have recently demonstrated that the P. ftcriostls hydrogenase can catalyse polysulfide . . .
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reduction to H,S, allowing the disposal of excess reductant using either protons or polysulfides as electron acceptors.
Although the reduction reactions from sulfite to sulfide and from sulfur to sulfide are obviously chemically different, it is tempting to speculate on the existence of a common ancestor which divergently evolved to give two enzymes specialized in the reduction of sulfur at different oxidation states. The absence in the P. ftlriostls enzyme of sequences similar to AsrC, the subunit containing the sirohaem-binding domain which appears to be indispensable for sulfite reduction and conserved in both Salmonella sulfite reductases, suggests a key role for AsrC in the six-electron reduction of sulfite to sulfide.
The homology studies of the P. ftlriostls hydrogenase described above suggest that the P and y subunits might be involved in sulfur metabolism whereas the hydrogenase activity could be associated with the 6 and a subunits. It would be interesting to test whether the HydB-HydG and the HydA-HydD dimers could be functionally dissociated from each other by testing the sulfur reductase activity of HydB-HydG and the hydrogenase activity of Hyd A-HydD. The organization of the hydrogenases in complex enzyme structures endowed with more than one
The Pyrococcus ftlriostls hydrogenase activity is not unusual. Typical examples are the foursubunit A. eutropbtls hydrogenase in which the diaphorase activity can be separated from the hydrogenase activity (Tran-Betcke et al., 1990) and the H,: heterodisulfide oxidoreductase complex of M. tbermoatltotrophicam in which the heterodisulfide-reductase activity can be separated from the F,,,-non-reducing hydrogenase (Setzke et al., 1994) . Both genetic analysis such as heterologous gene expression and biochemical studies aimed at reconstituting the hydrogenase from its purified subunits might help in elucidating this interesting structural and functional aspect of the P. ftlriostls hydrogenase. Ma et al. (1 993) have shown that all the hydrogenases they tested show a significant sulfur reductase activity, regardless of the number of subunits they are composed of and besides the fact that none of the hydrogenases except the P. ftlriostls enzyme share homology to the asr genes.
This can be reconciled with our hypothesis that the structural elements required for sulfur reduction, which in the P. ftlriostls hydrogenase are embedded in the P 
1990).
As already suggested by Ma e t al. (1993) , one could speculate on the presence, in the ancestor hydrogenase, of a high sulfur reductase activity to cope with and take advantage of the high-sulfur-containing environment.
During the sulfhydrogenase evolution nature has taken the option of either maintaining the structural elements required for sulfur reduction on independent subunits (as it is the case for the P. ftlriostls hydrogenase) or concentrating them on the same subunit(s) used for the proton reduction/H, oxidation activity. The former situation should provide the enzyme with a more specialized sulfur reduction activity, the latter with a predominant hydrogenase activity.
